Probing inhomogeneous composition in core/shell nanowires by Raman spectroscopy
I. INTRODUCTION
Semiconductor nanowires are filamentary crystals with a tailored diameter between few and few hundred nanometers. Thanks to their geometry, they have inspired new avenues in a large variety of applications. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] In principle, nearly any material can be synthetized in a bottom-up manner in the nanowire form following the vapor-liquid-solid mechanism or similar. [11] [12] [13] [14] [15] [16] Nanowire-based structures can be further sophisticated by producing heterostructures in the axial, radial, and branched directions. [17] [18] [19] [20] [21] [22] [23] [24] One of the most interesting challenges in the synthesis of nanowires is the fabrication of ternary and quaternary alloys. Being the surface-to-volume ratio enhanced, capillary forces, adatom diffusivities, and surface energies amplify alloy segregation processes. 25, 26 The composition control at the atomic and nanoscale of ternary and quaternary materials in the form of nanowire has not yet reached maturity. In order for this area to progress, techniques that enable a fast and accurate assessment of the composition and its homogeneity are needed. Extremely precise but yet costly techniques, such as atom probe tomography, provide three dimensional information on the nanowire composition down to 0.01%. 27 Less costly techniques include high resolution EELS (Electron Energy Loss Spectroscopy) and EDX (Energy Dispersive X-Ray Spectroscopy) in a transmission electron microscope. One inconvenience of these techniques is that they destroy the specimen and probe only a small fraction of it. An alternative non-destructive technique which allows multiple nanowire sampling in a fast manner is the measurement of the phonon spectra by Raman spectroscopy. [28] [29] [30] The optical phonons in a ternary Al x Ga 1Àx As alloy exhibit a two-mode behavior. Two sets of longitudinal optical (LO) and transversal optical (TO) phonons are observed. Their frequencies vary continuously from those of GaAs(AlAs) to the impurity mode in the other end-member binary AlAs(GaAs), respectively. The random-elementisodisplacement model proposed by Chen et al. 31 explains this two mode behavior. Parayanthal et al. 28 used it to characterize both the epitaxial layer and the interface of Al x Ga 1Àx As/GaAs heterojunctions to obtain information on Al composition from the frequency position of the phonon peaks. In this way, Raman frequencies of phonon modes can be used to monitor the composition in a complicated multilayer structure, and the relative Raman intensities can be related to variations in composition. 32 Raman spectroscopy has also recently been used for the characterization of crystal phase and chemical composition of III-V nanowires. 30, [33] [34] [35] Due to the one-dimensional geometry of the nanowire and the dielectric mismatch with the surrounding medium, the bulk Raman selection rules are slightly modified leading to a strong dependence on the polarization angle between the incident electric field and the nanowire axis. 36 In particular, the intensity of the scattered mode is higher for incident and scattered light with polarization parallel to the nanowire axis. This effect is often called antenna effect. 37 It is also observed in absorption and luminescence studies. [38] [39] [40] Recently, resonant photonic effects leading to increased absorption have been demonstrated in nanowires. 2, 41, 42 These optical resonances in nanowires have shown to play an important role in the non-linear optical properties of nanowires, such as Raman scattering and second harmonic generation. [43] [44] [45] [46] [47] As an example, Cao et al. 43 have demonstrated a strong enhancement of the spontaneous Raman scattering from individual silicon nanowires, which depends in a very strong manner on the diameter, excitation wavelength, and incident polarization.
In this work, we investigate the use of Raman spectroscopy to determine the chemical composition of GaAs/ Al x Ga 1Àx As core/shell nanowires. As a consequence of the wavelength dependence of photonic modes, incident light probes different regions of the structure in a non-intuitive manner and Raman spectra strongly depend on the excitation wavelength. This demonstrates the importance of theoretical simulations on the distribution of the electromagnetic field inside the nanowires for the understanding of Raman spectroscopy experiments on nanowires.
II. EXPERIMENT
The GaAs/Al x Ga 1Àx As core/shell nanowire structures were grown by molecular beam epitaxy in a DCA P600 MBE machine on a 2-in. Si(111) substrate. The core was obtained by the gallium-assisted method as reported in Refs. 48 and 49. After stopping the axial growth, the conditions were switched from axial to radial growth in order to obtain an Al x Ga 1Àx As shell with different thicknesses and nominal Al compositions of x ¼ 25%, 50%, and 70%, as described in Refs. 26 and 50. The Al x Ga 1Àx As shell was capped with 5 nm of GaAs to prevent oxidation upon exposure to air. The exact growth protocol is reported in the Supporting Information. 51 Compositional mappings of the nanowires were performed on cross-sections prepared by microtomy. 25, 52 The structure and composition were characterized by combining high-angle annular dark field scanning transmission electron microscopy (STEM) and EDS or EDX in Figure 1 . From the different contrasts, we can distinguish between the GaAs regions (lighter contrast) and Al x Ga 1Àx As regions (darker contrast). In the rightmost image, the contrast is not uniform because the cross-section lamella was thinner than for the other samples. The embedding resin in the thinner lamellas is more susceptible to beam-induced heating. Heating of the resin can result in slight tilting of the sample and thus a distorted contrast due to additional backscattering. The nanowires exhibit a hexagonal cross-section with side facets pertaining to the {110} family. Al inhomogeneities are deduced from the presence of dark stripes at the corners. This has been previously observed and reported in other works. 25, 26, 53 The Raman scattering measurements were performed on single nanowires at room temperature. The 488.0, 520.8, and 647.1 nm lines of an Ar-Kr þ laser were used as excitation. The laser light incident with a power of %300 lW was focused on the nanowire with a microscope objective with numerical aperture NA ¼ 0.75. The scattered light was analyzed by a TriVista triple spectrometer and detected by a liquid nitrogen cooled multichannel charge-coupled-device (CCD) detector. The nanowires were lying on a silicon substrate and probed in back-scattering geometry as depicted schematically in the inset of Figure 2 . In order to obtain a high signal intensity, the incident light was polarized along the nanowire axis. The scattered light was not analyzed for its polarization. According to Raman selection rules, in the back-scattering configuration on {110} surfaces, the LO phonon is forbidden, while the TO phonon is allowed. Finite-difference timedomain (FDTD) simulations of the electromagnetic field distribution in the nanowires were performed with the simulation package Meep. 54 We have considered the hexagonal geometry of the nanowires and the different dielectric constants of the core and shell, taken from Ref. 55 .
III. RESULTS AND DISCUSSION
Raman spectra of GaAs/Al x Ga 1Àx As core/shell nanowires with x ¼ 25%, 50%, and 70% are reported in Figure 2 . Peaks corresponding to the optical phonons of the GaAs core and Al x Ga 1Àx As shell are identified. The TO mode from the GaAs core is at 265 cm
À1
, in good agreement with the bulk value. 57 Due to the large mass difference between Al and Ga, two sets of alloy modes are given for the Al x Ga 1Àx As shell, whose frequency depends on the Al content. The GaAs-like modes lie very close to those from GaAs, while the AlAs-like are within the range of the 350 and 400 cm À1 . The alloy-related peaks are broader than those from GaAs, reflecting a higher degree of disorder. At a first glance, one can see that spectra of all samples are dependent on the excitation energy. Among the differences, we find changes in the relative intensities between the peaks and the frequency position of the AlAs and GaAs-like modes.
We start reporting on the relative changes in the intensity of the TO and LO modes. As mentioned above, following the Raman selection rules, the LO-related peaks should not be observed. In agreement with this, the LO mode from GaAs barely appears in all spectra, while this is not the case for the alloy-related LO modes. The shorter-range nature of alloy modes can contribute into a partial breaking in the selection rules. One should also consider that when the excitation source is close to the energy band-gap of the material, the exciton becomes the real intermediate state in the Raman process. This condition leads to resonant scattering and the intensity is enhanced. The enhancement is more important for the LO phonons as a consequence of the preferential interaction between the exciton and the longitudinal electric field induced by LO phonons. In general, we can see a higher ratio of the LO/TO intensities for conditions close to such a resonance. We can see this effect when measuring nanowires with Al x Ga 1Àx As shells containing x % 25% and x % 70% with, respectively, 647.1 nm and 520.8 nm wavelengths, corresponding to 1.92 and 2.38 eV.
We now turn to the differences of intensity between the GaAs(core) and Al x Ga 1Àx As(shell) related peaks, as well as to the frequency position of the latter when probing with different excitation wavelengths. The Raman peaks were fitted with convoluted Lorentzian functions. The corresponding frequencies extracted from the fits are reported in Table I . For the AlAs and GaAs-like peaks, we also report on the FIG. 1. High-angle annular dark field STEM micrographs of GaAs/ Al x Ga 1Àx As core/shell nanowires in cross-section. From left to right, x ¼ 25%, 50%, and 70%. The darkest regions near the edges correspond to Al-rich areas. In each of the images, we indicate the Al content in some representative regions as determined using energy-dispersive X-ray spectroscopy (EDX).
corresponding aluminum composition, as obtained from the expression given by Adachi. 58 Due to the flat dispersion for the AlAs-like TO mode, we do not deduce any Al concentration from it.
Let us describe the spectra obtained for the nanowire with a 25% Al in the shell. When we excite with 488.0 nm, only the TO mode of GaAs is present. The spectrum does not show the existence of an Al x Ga 1Àx As shell. For longer wavelengths, other peaks appear, revealing the existence of the shell. This is a non-intuitive result, as in thin films one would expect to excite the parts closer to the surface with the shorter wavelengths. Exciting with 520.8 nm, two peaks are observed: the most intense one corresponds to the TO mode of GaAs (core), while the less intense peak corresponds to a TO GaAs-like mode from the shell. There is an interesting change of the spectrum for the excitation with 647.1 nm. Here, the AlAs and GaAs-like modes appear with a remarkably higher intensity. This increased scattering intensity is TABLE I. Optical phonon energies as obtained from fits to the spectra in Fig. 2 and the relative alloy composition obtained from the expression given by Adachi. The fitting error was smaller than the experimental one (0.7 cm À1 ), except for the frequencies marked with a star. In such cases, the signal was weak and the error in the Al content is calculated from the fitting error. Otherwise it was obtained by using the experimental value. LVM stands for local vibrational mode. As core/shell nanowires with x ¼ 25%, 50%, and 70% by using three different excitation wavelengths. The dotted (solid) lines correspond to the frequency position expected for the core (shell) modes. Silicon second order peak is indicated by a star. 56 explained by approaching resonance conditions. In fact, this excitation wavelength corresponds to the resonance condition of Al x Ga 1Àx As with x % 35%. The positions of the LO GaAs and AlAs-like peaks are consistent with an Al composition of 26-27%, while the TO GaAs-like peaks suggest a higher Al composition (38%). As a general trend, the Al content obtained from TO is higher than LO. We attribute this to a slight difference in the dependence of the TO and the LO GaAs-like modes as a function of the stoichiometry of the Al x Ga 1Àx As.
We turn now to the nanowires with 50% Al in the Al x Ga 1Àx As shell. Also here, the signal from the GaAs core is mostly prominent when probed with the short wavelength (488.0 nm). The spectrum obtained with 520.8 nm excitation contains information on the core and the shell. In contrast, when we excite with 647.1 nm, mostly only the TO peaks related to the shell are present. Here, the TO GaAs-like peaks suggest an Al concentration around 50%. Interestingly, we observe a peak consistent with 33% Al when exciting with 647.1 nm. We attribute this to the existence of inhomogeneities in the shell as reported in Figure 1 and in agreement with what has been found in the past in similar structures. Indeed, previous studies 26 have shown that there is segregation of Al in {112} apex of hexagonal section. Moreover, in the {110} facets, there is an additional variation in composition at the nanometer scale. Even though these regions are in the order of few nanometers, the resonance conditions enable us to detect them in an enhanced manner.
To complete the picture, we comment on the measurements performed on the nanowire with an Al x Ga 1Àx As shell of x ¼ 70%. In addition to the variation of the signal intensity between core and shell as a function of excitation wavelength, we also observe a marked change in the frequency position of the shell related peaks. Since it is difficult to distinguish the GaAs-like TO and LO modes, we consider not appropriate to extract the concentration from one of the two curves, while it is possible to fit one peak, revealing their character of localized mode of an isolated Ga atom in AlAs. The position of the LO AlAs-like peak is consistent with a concentration of aluminum of x ¼ 70%, in the spectrum obtained with 488.0 nm wavelength, while we find the LO AlAs-like mode corresponding to 60% Al content when probed with 520.8 nm. In fact, this is consistent with the 520.8 nm wavelength being in resonance with an Al x Ga 1Àx As of x % 65%. The spectra obtained with the 647.1 nm wavelength are richer in peaks. The different observed peaks are consistent with different Al concentrations between 7% and 60%. Similar concentrations are obtained for both the GaAs and AlAs-like modes. As for the previous nanowires, the different Al concentrations are attributed to the fluctuation of the Al composition in the shell.
Finally, we address the differences in the spectra as a function of the excitation wavelength by considering the distribution of the photonic modes within the nanowire as a function of the excitation wavelength. It is well-known that the Raman scattering intensity is directly linked to the local internal electric field of the excitation. 43 In order to assess the distribution of the radiation in the nanowires, we have performed FDTD simulations considering the exact hexagonal geometry of the nanowire and the dielectric constants of the core and shell. We have simulated a plane wave polarized along the nanowire axis. We have reported in Supporting Information an animation of the electric field energy density as a function of the time under periodic steady state. 51 Figure 3 shows the cross-sectional maps of the time-averaged electric field energy density obtained for a nanowire lying on a Si/SiO 2 substrate during illumination from a top monochromatic light source. Clearly, light distributes unevenly across the nanowire cross-section. The simplest case corresponds to the nanowires with a 25% of Al in the shell. The simulations show a gradual increase in the field in the shell by increasing wavelength. However, the field in the core is always the most intense. This is because of the small size of the nanowire. The simulations match well with the experiments, where an increase in the peaks related to the shell is observed by increasing wavelength. We must note here that for the 647.1 nm excitation probing the Raman, intensities of the peaks related to the   FIG. 3 . Simulated cross-sectional maps of the internal field energy density distribution given by a top plane wave incoming onto GaAs/ Al x Ga 1Àx As core/shell nanowire system, as described in the manuscript. From bottom to top, the fields correspond to a excitation wavelength of 488.0, 520.8, and 647.1 nm, respectively.
shell are also intensified because of the near resonance conditions. In the case of the nanowires with 50% Al in the shell, the light field is more intense in the core (GaAs) for an incoming wavelength of 488.0 nm, while light becomes distributed around the shell when using longer wavelengths. These results are in excellent agreement with our experiments, where the core-related Raman signal is almost not present when exciting with the 647.1 nm wavelength. Finally, in the nanowire with x ¼ 70%, there is no obvious trend. It must be noted that at short wavelength, the local field energy around the shell is confined at the edges of the nanowire cross-section where the Al content is found the largest. This would be in agreement with the observation of an increasing Al content from Raman spectra with excitation energy. However for this sample, the photonic effects are in harmony with an increase in the Raman intensity of area with high Al content due to selective resonance. Consequently, we cannot discern the two effects here.
IV. CONCLUSION
As a conclusion, we have shown that a complete chemical characterization of core-shell nanowire structures requires the probing with different wavelengths as well as simulations of the photonic modes existing in the nanowires for the different excitation wavelengths. The multi-spectral characterization enables the probing of different parts of the cross-section as well as the local inhomogeneities in chemical composition. 
